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ABSTRACT
A limit to DFB semiconductor laser performance under
high speed, large scale modulation in a lightwave
communications system is quantified with respect to metrics
including optical pulse extinction ratio (ER) and wavelength
chirp. Through modeling, it is found that the optical ON
power using conventional 5 Gbit modulation techniques is
limited due to excessive ER to a ratio of the structure
saturation power, Psat, which is Psat/4.
The laser carrier and photon density responses are
modeled using a nonlinear form of optical gain saturation
due to spectral hole burning via intra-band gain saturation.
Furthermore, a method for computing the time averaged
spectrum, taking into account the optical gain saturation is
developed. Under large scale modulation, the total optical
wavelength spectral width (TSW), consisting of transient and
adiabatic contributions, increases sublinearly with
increasing modulation frequency, aSYmptotically approaching
the large adiabatic spectral width of a structure in
complete gain saturation.
Additional modeling is used to shape the modulation
current, within the boundaries of the nonlinear coupled
photon and carrier density rate equations, in order to
minimize the transient wavelength chirp contributions to the
1
TSW. A 37 % reduction in TSW I from 16.6 A to 10.4 A, is
realized for a modeled device at 5 Gbits using shaped versus
conventional square wave current modulation. A 60 %
improvement is achieved for·the ER at average optical power
levels approaching 20 mW under large scale modulation using
pulse shaping techniques.
The optical outputs of various 1.55 ~m DFB lasers are
analyzed in the time and time averaged wavelength spectral
domains at 5 Gbits in an effort to explore the onset of gain
saturation effects due to spectral hole burning. Observed
wavelength chirp and optical pulse features are in good
agreement with the modeling results.
2
J:. J:ntroduc:tion·
A phenomenon occurs in semiconductor lasers that limits
the effectiveness of high speed, large scale modulation.
This phenomenom is spectral hole burning, which is
responsible for optical gain reduction at high optical
output levels. Relaxation oscillations are dampened and
optical pulse fall times are increased due to the reduction
of optical gain during large scale, high speed modulation.
Normally, spectral hole burning reduction of optical
gain is included in the laser carrier and photon rate
equations as [1]
9 = gL(l- PIPs) (1)
where
gL -> modal gain at threshold
P -> facet output power
Ps -> saturation power
Depending on the device material and wavelength, Ps varies
from 100 - 1000 mW. Equation 1 is considered valid for
Pmax s:= 10 mW. However in the output modeling of InGaAsP
lasers where P may approach 60 mW, equation 1 is no longer
valid. This is especially true for InGaAsP structures since
Ps is typically 100 mW.
An expression for the gain reduction is derived that is
valid for laser structures under large scale modulation
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current. Successful modeling of device performance under
large scale modulation can only be achieved by using the
non-linear form of gain reduction derived in the next
section. only when confidence in the modeling technique is
realized can the fundamental limits to DFB laser operation
in an ultra-high speed communications system be pursued.
Optical pulse parameters can be quantified with ~espect to
spectral hole burning using system metrics of wavelength
chirping and extinction ratio.
4
xx. Xntra-ban4 Gain saturation Theory
The derivation of the nonlinear gain for high power
laser structures is outlined in this section. The
expression for non-linear gain results in a diminishing
optical gain as a function of increasing photon density in
the active region. The intra~band relaxation time of the
gain medium determines a critical power level for the
device. If this critical power level is exceeded under
modulation, large increases in rise and fall times are
observed in the optical response. Excessive fall times may
result in intersymbol interference (ISI).
The electric field in the laser cavity can be written
as [1]
E(r,t)=%x[ EoU(r)exp(-iwot) + c.cJ
in the single longitudinal mode [DFB] case where
Wo -> optical frequency
...
(2)
x -> polarization vector
U(r) -> spatial fundamental mode distribution in the
cavity waveguide
Let P(r,t) be the induced polarization expressed as
(3)
5
This equation is derived with the assumption of considering
the response.of a single two level system using the·
transition frequency wT and summing all band to band
transitions where
. wg -> band gap frequency
p, -> dipole moment
D -> joint density of states
°12' 0'21 -> off diagonal density matrix elements
°12 can be solved exactly for a two level system as [2]
1+ 62
°12 = -- ------ -----i~ 1 + i6 1+ 62 + I
where
U EO exp(-iwot) (4)
-> occupation probability for electrons in
thermal equilibrium.
022 -> occupation probability for holes in thermal
6
I
equilibrium
_> normalized detuning parameter
6 = (wT - wO) Tin
-> normalized intensity
I = I EO 12
IS
(5)
(6)
where
(7)
and
Tin -> polarization relaxation time
6
TC -> electron relaxation time
TV -> hole relaxation time
Note that (7) is an average intensity within the cavity
and hence is not precise. However this assumption leads to
a simpler analysis and implies an averaging over of the
spatial holes burnt by the counter-propagating waves within
the cavity. carrier diffusion in semiconductor lasers does
tend to "wash" the spatial holes, hence justifying the
previous assumption [2]. The gain medium response to the
applied field is determined by the susceptibility X.
Substitution of equ. (4) into (3) yields an induced
polarization equation that can be expressed as
P(r,t) = (€0/2) [ XEOU(r) exp(-iwot) + c.~] (8)
(9)J:X= -
The susceptibility can be solved as
1+ &2 f(&) d&
1+ &2 + I & i
from this substitution where
(11)
rl£2D (a11
f(&) = -------
€01\
b = (wg - wO)Tin
where r is the modal confinement factor. This factor is
introduced because a11 - a22 = 0 outside of the active
region.
(10)
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The susceptibility X is composed of real and imaginary
parts.
X = XR + iXI (12)
The susceptibility X can also be separated into linear
and nonlinear parts where
and
XNL = I J:
f(o)do
o - i
. f (o)do
(0 - i) (1 + 02 + I)
(13)
(14)
(15)
The evaluation of these integrals requires numerical
methods [3]. However, an approximate analytic expression
zfor the non-linear optical gain can be derived from the
nonlinear susceptibility (14) using contour integration and
the observation that the main integral contribution occurs
when 101 < 1. Secondly, the induced susceptibility is
related to the change in material dielectric constant, oe.
oe manifests itself as refractive index and optical gain
deltas as seen in the relationship [1]
X - oe - 2n(on - ig/2kO)
where
n -> background index of refraction
kO -> propagation constant [ wolc ]
8
(16)
g -> optical. gain
6n -> index' change
It can be shown that
(17)
The expression for nonlinear gain shows that the linear
gain gL is reduced by an amount of nonlinear gain gNL as the
optical intensity is increased. This effect is referred to
as spectral hole burning. In semiconductor lasers the hole
width (~ 1013/s) is almost identical to the spectral width
of the gain profile because of the very short intraband
relaxation time (Tin ~ 0.1 PS, as a result the linewidth -
Tin-1 = 1013/s). Therefore the gain medium saturates
uniformly [1]. This implies that the given linear and
nonlinear contributions to the optical gain are reduced
similarly across a given frequency spectral range.
The total optical gain is
9= gL + gNL - (18)
from (16) by re-arranging terms.
The linear gain in the gain medium can be expressed
disregarding carrier diffusion effects as [2]
9L = a(n - nO)
where
9
(19)
a -> differential gain coefficient
n -> carrier density
nO -> transparent carrier density
Equating a normalized photon density to I, coupled with (18)
yields the following expression for optical gain as a
function of nand S, photon density.
a(n - nO)
g(n,S) =
J 1 + S/Ssat
where [4]
£onmngii
Ssat - -----~--­~2woTin(Tc + Tv)
and
nm -> mode index of refraction
ng -> group index of refraction
~ -> dipole moment
(20)
(21)
wo -> mode frequency
Notice that intra-band gain saturation does not occur
for Tin = o. For InGaAsP laser structures, Tin is typically
100 fs. The conduction band relaxation time TC and the
valence band relaxation time TV are 300 fs and 70 fs. These
relaxation times are material dependent.
The saturation output power, Psat is linearly related
to Ssat through [4]
Psat = RoutamVg~WoSsat
10
(22)
where
Rout -> differential quantum efficiency of the output
facet
am -> optical mode cross-sectional area
vg -> group velocity
The differential quantum efficiency and optical mode
cross sectional area can be varied through DFB structure
design. nout may be varied, for example, by the coupling
coefficient ~ which is a measure of the DFB grating coupling
effectiveness of the forward and reverse propagating waves
within the laser cavity. am can be varied by changing the
active region or stripe width. By decreasing nout and am,
the saturation output power can be reduced for a particular
DFB structure. As a result, a smaller fraction of intra-
cavity photons are emitted from the laser [4].
Applying this observation to the denominator of the
expression for optical gain (20) shows that a reduction or
dampening of the optical gain occurs as the intra-cavity
photon density is increased which is indicative of a poor
efficiency laser structure. Using the newly defined optical
. gain term (20) it is time to proceed to the modeling of DFB
InGaAsP laser structures with pre-determined saturation
powers, Psat under large scale, high speed modulation to
study the carrier and photon densities' response.
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xxx. Ko4e1in~or D~B Laser perrormance un4er hiqh-sp~e4,
1arqe siqna1 mo4u1ation.
The nonlinear photon, carrier and phase rate equations
can be expressed as follows [4],[5]
,
dS/dt
-
( rvgg(n,s)- l/Tp )S + Rsp(n) (23)
dn/dt - I(t)/(qV) - n/Tn(n) - vgq(n,s)s (24)
d~/at = nm/ng(w - n) + ~a(rvgg(n,s) - l/Tp ) (25)
where
s -> photon density
n -> carrier density
r -> modal confinement factor
Vg -> group velocity
g(n,S) -> optical gain as expressed in (20)
Tp -> photon lifetime
Rsp(n) -> spontaneous emission rate
I(t) -> applied current impulse
q -> electron charge (Coul)
V -> Active volume
Tn(n) -> carrier lifetime
n -> longitudinal mode frequency at threshold
value of mode index
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The photon lifetime is expressed in the following form:
Tp = ( Vg(a + aint»-l
where
(26)
a -> mode loss of the fundamental DFB mode, (cm-1 )
airit -> internal cavity losses (cm-1 )
The internal cavity losses aint, are caused by free
carrier absorption, heterostructure interface scattering and
grating imperfections [5].
The carrier recombination rate Tn(n) is modeled in its
more accurate nonlinear form
(27)
where
Anr -> non-radiative recombination rate due to trap
and surface recombination
B -> Radiative recombination coefficient
C -> Auger recombination coefficient
The spontaneous emission rate Rsp(n), was modeled as [5]
Rsp = SspBradn2v
where
(28)
(29)
4~2nbnmngV1sp
Ssp is referred to as the spontaneous emission factor
Ssp =
and
K -> enhancement factor ( 1 for index guided
structure)
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lsp -> spontaneous emission spectral width
nb -> bulk.material index
8 . b t 10-4 - 10-5sp 1.S e ween
InGaAsP structures.
for typical index guided
The coupled rate equations were solved analytically
using a Runge-Kutta approach [6]. The modeling software was
written using RMB ( Rocky Mountain Basic) and executed on a
Hewlett Packard model 320 computer. The same software was
also run using HTBasic on an AT&T 6386 Computer with math
co-processor.
Initially, the drive current impUlse was chosen to be a
square wave with finite rise and fall times for two reasons.
Agrawal used this response and hence colaboration of reSUlts
could be achieved [4]. Secondly, most laser driver in-
tegrated circuits attempt to model this impulse. The square
wave impulse was modeled using a super-gaussian function.
The modulated signal could then be superimposed on a pre-
bias current.
I(t)= Ib + Ipf(t)
where [- [ ] ~]2ltlf(t) - exp
Tb
where Ib -> pre-bias current (DC)
I p -> peak modulation current
Tb -> bit duration ( Bit rate -> B-1 )
(30)
(31)
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Tr -> rise/fall time
f(t) was bounded between 0 and 1.
The algorithm for determining DFB type laser dynamic
response was developed as follows. Parametric data for the
laser under investigation was entered. Two laser structures
were considered. The first is designed to favor the energy
gap mode as a consequence of an anti-reflective (AR) coated
front facet and a highly reflective (HR) coated rear facet
[7]. This structure is a folded-over version of a DFB laser
with negligible facet reflectivity and a 1/2 phase shift at
the center of the cavity. The output power is asymmetric
with respect to the facets with the laser output
predominantly confined to the front facet. Excellent mode
selectivity is realized for this device.
The second structure is a 1/4 phase-shifted laser with
low end facet reflectivities. The 1/4 phase-shifted device
can be designed with intentions of realizing a somewhat
uniform longitudinal mode intensity along the optical
cavity. Locally intense regions of photon density coupled
with the injected carrier distibution in the laser cavity
causes spatial hole burning [8]. As a result, the carrier
density varies throughout the active area which in turn
causes a nonuniform refractive index. Hence the grating
pitch is effectively changed throughout the medium which can
vary the longitudinal mode intensity profiles.
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DFB structure modeling techniques have been developed
to assist device designers in minimizing spatial hole
burning effects [9]. The magnitude of spatial hole burning
is greater for the AR-HR structure mentioned previously.
The large scale modulation current dynamic modeling
presented here would more accurately portray a DFB structure
with a uniform longitudinal modal intensity profile.
Spatial hole burning can result in a nonlinear reduction of
optical output power with increasing drive current. This
spatial hole burning effect can sum with the spectral hole
burning via intra-band gain saturation effect [9].
Typical values for the various device parameters are
listed for a 1.55 #m DFB InGaAsP BH laser.
variable Description Value units
a differential gain coefficient 2.5 X 10-16
nO transparency carrier density 1.0 X 1018 cm-3
Ssat satura~ion photon density 3.16 X 1016 -3em
am optical mode cross section 1.0 #m2
nm mode index of refraction 3.3
ng group index of refraction 3.4
# dip.ole moment 9.0 X 10-29 emC
free space mode frequency 1.21 X 1015 -1Wo s
Tin intra-band relaxation time 100' fs
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variable
TV
r
Vg
actw
acth
actl
Anr
B
C
Description·
conduction band relaxation
time
valence band relaxation time
mode confinement factor
group velocity
active area width
active area height
active area length
non-radiative recombination
rate
radiative recombination rate
Auger recombination coef.
mode loss coefficient
internal loss coefficient
Value
300
70
0.4
8.82 X 109
2.0
0.1
250
2 X 108
1 X 10-10
3 X 10-29
25
40
units
fs
fs
p.m
p.m
p.m
-1s
cm3s-1
cm6s-1
cm-1
cm-1
A modulation bit rate was chosen for the current drive
pUlse as well as a commom rise/fall time to be used in the
super-gaussian expression in (31).
A peak modulation current was determined by mUltiplying
the pre-bias current Ib by a factor. For large scale
modulation the factor was chosen to be within the range 7-
10.
The laser threshold current was calculated precisely in
the following manner. A value for initial photon density,
17
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Sth was assigned. Typically this value was in the order of
1-3 X 1012 ·cm-3 • The rate equation for carrier density
(23) was set equal to 0 for the steady state condition. By
iterating n, a solution was obtained for the carrier density
at threshold ,nth using the rate equation (23) and the
expression for optical gain (20) using minimization of delta
n. Although the photon density at threshold is orders of
magnitude below the saturation photon density this approach
was used for accuracy. Also, if a pre-bias current above
threshold was desired, it could be calculated accurately
using this approach. The steady state current at threshold
, Ith, was solved using equation (23)
(32)
where
V -> Active area volume
Ith was usually assigned as the pre-bias current current Ib·
The Runge-Kutta technique was used to solve the coupled
equations (23) and (24) throughout an interval consisting of
a pre-determined number of bit increments. Usually 3 to 4
bit increments were necessary to solve for nand S until
values approaching steady state were obtained. The number
of temporal integration steps was variable. The usual value
was 16000 across the 3-4 bit interval. The total
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calcu'lationtime was 7 minutes using 16000 temporal steps' on
the Hewlett-Packard 320 computer.
The total facet output power was calculated from the
photon density at each temporal increment using (22).
Figures 1 and 2 show the facet power output and carrier
density versus time for the DFB structure with parameters
given previously at a modulation current frequency of 5 Ghz
with 40 ps rise/fall times. The saturation power Psat was
chosen as 40 mW. The dotted trace on the figure is the
modulation current waveform.
The frequency variation versus time was also calculated
for the laser structure using the phase rate equation (25).
As pointed out in the intra-band theory section, equation
(16) shows that a change in carrier density determines an
index of refraction change in the gain medium. This is also
evident in the phase rate equation. Pulse amplitude
modulation of a semiconductor laser inherently related to a
change in carrier density via the coupled rate equations,
results in a frequency or wavelength variation of the
resultant optical pulse. The variation of the fundamental
frequency is commonly referred to as frequency or wavelength
chirp. The frequency chirp is derived in the following
manner. The assumption is used that spectral hole burning
results in a small depression in gain at the laser line. As
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a result, an increase in carrier density is necessary to
restore the gain.
If the gain is looked upon as a superposition of the
dip due to spectral hole burning and the larger gain level
in the absence of spectral hole burning, the Kramers-Kronig
relation guarantees that the symmetrical dip in the ·gain
which is the imaginary index will result in no net change in
real index at the laser line. Therefore the only change is
in the real index, which is the gain change in the absence
of spectral hole burning [io]. This gain is gL from (18).
using (17) and (18) yields an expression for gL as a
function of total .gain g(n,S), and saturation power, Ssat.
g(n,S)
gLen, S) - ------------------
S/Ssat
1-
J 1+S/Ssat (1+1 1+S/Ssat )
(33)
The frequency chirp as a function of time can be
expressed using (25) and the gain due to the real index in
(33) as
•
I(t) a
6v(t) = --- = ---(rvg9L(n,s) - 1/~p)
2". 271'
20
(34)
from (25) where the'funq.amental mode frequency n is assumed
to coincide with nO at threshold. Therefore n - nO = 0 and
at t=O, 6v(0)=0 at t.he pre-bias threshold current. The
. .
linewidth enhancement factor is Q.
The wavelength chirp, 61 can be readily solved as [5]
6l(t) = (-102/c )6v(t) (35)
Figure 3 shows the calculated wavelength variation, 6l(t)
versus time for the previously modeled device structure.
The linewidth enhancement factor is an important
\
quantity in (34). This parameter is wavelength dependent.
For 1.3 p,m InGaAsP devices, the factor is 3-5. However at
1.55 p,m, this factor increases to 10-15. The modeling of
1.55 p,m device performance in this paper used an a of 10.
The linewidth enhancement factor is defined as [11]
(36)a =
dXR(n)/dn
dXI(n)/dn
where the separation of susceptibility into real and
imaginary parts was shown in (12).
A further analysis of wavelength chirp characteristics
of DFB lasers experiencing intra-band gain saturation was
pursued. An actual measurement of wavelength chirping in
the time domain is extremely difficult to achieve at
modulation rates approaching 5-10 Ghz due to equipment
limitations. A common technique invoked for chirp analysis
is the time averaged wavelength spectrum technique. In this
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procedure, the time averaged power intensity is recorded
across the optical wavelength spectrum of interest using a
conventional diffraction grating monochromator as the
measuring instrument.
The delta wavelength modeling data of figure 3 in
conjunction with the facet output power versus time data of
figure 1 can be convolved to yield the time averaged optical
power amplitude versus wavelength. For this analysis, the
intra-cavity modal intensity was assumed to be constant.
The 1/4 phase shifted device structure with low facet
reflectivities could be used if it was properly designed.
Spatial hole burning effects are therefore assumed to be
uniform in nature.
The time averaged optical spectrum was computed as
follows from the optical power and delta wavelength versus
time data. First, a wavelength region of interest was
chosen. Usually -/+ 4 nm around the fundamental wavelength
was selected. The software was written to execute similarly
to an optical spectrum analyzer using a periodic diffraction
grating as it scanned across the wavelength range. The
resolution of the analyzer was chosen to be 10 pm (10-12 m).
The resolution bandwidth of the instrument was selected as
0.05 nm which is consistent with conventional 1/2-1 meter
monochromators using diffraction gratings. various filter
shapes could be selected for measurement of the optical
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power as the filter was swept across the wavelength: range.
One filter type employed equal weighting of all amplitudes
within the resolution bandwidth. A second type used a
parabolic shape with maximum weighting at the apex and -3 dB
weighting at the edges of the band. The latter is more
consistent with moveable diffraction type instruments.
As the "software" grating was swept across the region
of interest, the discrete optical amplitudes corresponding
to the temporal position of the delta wavelength vs. time
data were summed appropriately by the selected resolution
bandwidth filter. The time averaged power expressed in dB
at the wavelength position 1m, was calculated using
where
N
DC 1: P (Ii) W(li)
i=l
N
Tb 1: l/dt
i=l
(37) ,
Ii -> discrete.wavelength satisfying the filter as
1m - ~BWres < Ii < 1m + ~BWres
BWres -> resolution bandwidth of the monochromator
P(li) -> discrete power amplitude at Ii
w(li) -> resolution bandwidth filter weighting function
value at Ii
dt -> temporal increment of Runge-Kutta data array
DC -> duty cycle of modulation current
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The DC value was usually in the range of 25 - 50 t.
Figure 4 shows the convolved time averaged spectra plot
for the sample device with Psat= 40 mW and B = 5 Ghz using
40 pS rise/fall times. The DC value was 33 t. Various
param~ters were computed from the raw spectral data. The
short wavelength spectral width at - 30 dB was computed
(SWL-W). This is the width of the spectrum calculated from
the peak wavelength minus the short wavelength value that
crosses the peak amplitude less 30 dB. A similar
calculation was performed for the long wavelength side (LWL-
W). The ratio in dB of the height of the observed cusp on
the short wavelength side to the peak height (SWL-MHR) was
also calculated.
The extinction ratio (ER) was also computed for each
DFB structure under large scale modulation modeling. The ER
is the ratio of optical power in the "OFF" state or bit slot
to optical power in the "ON" state. The worst case ER was
calculated using the power density throughout the bit slot
as
to+2TbJP(t)dt
<POFF> to+Tb (38)ER= =
<PON> to+TbJP(t)dt
to
24
where to was the temporal index from the modeled output
power versus time response where the onset of the optical
pulse due to the modulation current began. This onset was
arbitrarily defined as 0.05 mW for the case of the pre-bias
current Ib at laser threshold.
The derivation of wavelength chirp and ER were pursued
in order to quantify the effects of intra-band gain
saturation under large scale modulation on a DFB laser
structure. These two parameters have major impact on the
effectiveness of an optical source in an ultra-high speed
pulse modulated lightwave communications system.
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IV. Dynami~ Hode1inq Resu1ts
optical Output Power versus Time
Figure 5 shows the optical power output response vs.
time for the modeled device structure as a function of
saturation power, Psat under large scale current modulation
of Ib + 10Ib at 5 Gbits using 0.2Tb or 40 pS rise/fall time.
Note the underdamping of the relaxation oscillation for the
device structure as Psat is increased. A ringing pattern
which is characteristic of an underdamped system is also
evident for the 60 mW Psat. The relaxation oscillation is
due to an inherent resonance between the carrier and photon
populations via stimulated emission. An approximate
expression for the resonance frequency using small signal
analysis is given by [5]:
(39)
where I is the drive current. For the given device
structure used as an example thus far in this paper, the
relaxation oscillation is approximately 11.7 Ghz using an
I/Ith ratio of 10 for the large scale modulation current.
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This ratio plays an important part in determining the
•relaxation oscillation frequency. The ORis increased as a
function of the drive current by the square root of I/Ith-1.
Note the increased optical fall time as a function of
decreasing Psat. This effect is examined more closely under
the extinction ratio section.
Wavelength Chirping
The wavelength chirp is a significant factor in determining
the performance of an ultra-high speed optical communica-
tions system. Laser linewidth broadening causes dispersion
induced degradation over a long distance of fiber in some
systems that may exceed 100 km. Dispersion penalties on the
order of 5 dB can be realized from 1.55 ~m DFB lasers at 2
Gbits through 120 km of fiber [12].
The magnitude of the relaxation oscillation via large
delta n, determines the extent of wavelength chirping on the
short wavelength side (SWL) of the spectrum. Figure 6.shows
the calculated wavelength chirp for the device structure
with different Psat values at 5 Gbits. The current pulse
rise time, Tr was 0.2Tb or 40 pS and a large scale
modulation current using the super-gaussian expression was
used. The SWL chirp is commonly referred to as time
derivative or "transient" chirp [10]. The transient chirp
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for a given device structure is directly proportional to the
rise time of the modulation current impulse. Faster current
pulse risetimes yield increased SWL chirp values. Figure 7
is a plot of the SWL chirp versus modulation current pUlse
rise time at 2 Gbit.for the modeled device with a Psat of 40
mW. The SWL chirp was analyzed in the large ( Ib+ 10Ib )
and normal ( Ib + 3Ib ) scale modulation current cases where
Ib was the device threshold current. The risetime was
varied from 10 to 100 pS. Note the large SWL-W of 8.4
Angstroms (A) for the large scale modulation case at the
fastest rise time of 10 pS. The normal modulation current
exhibited 6 A SWL-W at 10 pS rise time. The SWL-W decreased
linearly for both modulation current conditions, with the
large scale type having a larger negative slope of 0.06 AlpS
versus 0.02 AlpS.
Figure·8 shows the SWL-W for the modeled device with
varying Psat as a function of modulation rate from 1 to 10
GBits. The large scale current pulse risetime was fixed at
0.2Tb. Observe that the 20 mW Psat structure has almost
negligible width across the frequency range. The calculated
value was 0.2 Angstroms (A). This is due to complete gain
saturation. As a result, the relaxation oscillation is
completely suppressed, thereby eliminating the "transient"
chirp.
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The 40 and 60 mW Psat SWL-Ws increase sUblinearly with
frequency under large scale modulation. The 60 mW Psat
structure exhibits higher SWL-W versus the 40 mW case due to
less gain suppression; hence increased initial relaxation
oscillation intensity upon turn-on. The maximum SWL-W was
11.6 A. It is interesting to note the collapse of the SWL-W
for both structures. This is due to the nature of the
optical pulse ~ue to frequency response limitations of the
structure, which consists of only the excitation of the
initial relaxation oscillation at 8 and 9 Ghz for the 40 and
60 mW Psat structures.
Figure 9 shows the long wavelength-width (LWL-W) for
the modeled device under the same bias conditions as Figure
7. The LWL side of the measured optical spectra is called
"adiabatic", which means that the quantity is frequency
independent [10]. The LWL chirp results in a wavelength
shift from the pre-bias value when the device transitions
from the "ON" to "OFF" states. Note that the LWL-W is
greater as a function of decreasing Psat for the constant
large scale modulation current case across the 1 to 10 Gbit
rate band of interest. In fact, due to excessive intra-band
gain saturation, the LWL-W for the Psat of 20 mW case
remains at 20 A throughout the frequency range. Notice the
abrupt transition to larger LWL-W at 8-9 Gbit for the 40 and
60 mW Psat devices, due to the opti~al output being confined
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to the relaxation oscillation as pointed out in the SWL-W
description.
From the chirp data modeled under large scale
modulation, it was observed that net sum of the total
wavelength deviation due to the real component of carrier
induced index changes within the gain medium was a function
of modulation frequency and was independent of saturation
power except in the case of excessive gain saturation.
Figure 10 shows the Total Spectral width (TSW) as a function
of modulation frequency using a rise time of 0.2Tb. It is
reasonable to assume that this is simply a conservation of
energy between the dynamic carrier and photon populations.
An underdamped structure (higher Psat) will exhibit large
SWL chirp, which results in a small LWL chirp. The inverse
is also true. The ratio between the LWL "and SWL chirps is
governed by the degree of gain saturation.
The SWL and LWL chirp results using the nonlinear form
of optical gain reduction in (20) are in good agreement with
previous derivations of spectral hole burning gain "
reductions using a first order effect of a small degree
expressed as [5],[10]
q(n,S) = qL(n) (l-eS)
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(40)
where gLen) is the linear gain in (19) and e is a constant
that accounts for gain reduction. Using the derivation of
frequency chirp in (33), the g(n,S) term which encompasses
linear and nonlinear gain in this analysis is replaced by
gLen) in their analysis. Solving for (rvggL(n)-1/Tp ) in the
photon density rate equation (23), sUbstituting this result
into (33) and adding the gain reduction term yields
a [ 1 dS Rsp . eS ]6v(t) - -- + (41)47l' S dt S
This equation for frequency chirp shows the first term
as the "transient" chirp because of the time dependence.
The last two terms, consisting of spontaneous emission and
gain reduction, correspond to the "adiabatic" portion of the
chirp. The adiabatic terms cause the DC wavelength offset.
Figure 11 shows the peak or center wavelength (CWL)
shift from the steady state value as a function of
modulation frequency for the modeled device with varying
Psat values. Psat for the saturated device is shifted
almost 2 nm from the steady state value at threshold. As
the degree of gain saturation is lessened, the CWL shift
from steady-state also diminishes.
The wavelength chirp characteristics of modeled devices
were also studied as a function of total optical output
power. This analysis allowed viewing the device performance
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via wavelength chirping through the onset of non-linear gain
saturation due to spectral hole burning. The previously
modeled device structure was used. The modulation rate was
5 Gbit using 0.2Tb or 40 pS current pUlse rise time. Psat
was varied between 20 and 60 mW•. The modulation current was
ramped between Ib and 15Ib. Figure 14 shows the SWL-W as a
function of total optical power. It is interesting to note
that the slope of the SWL-W varies considerably across the
Psat values. The high Psat structure (60 mW) exhibits SWL-W
that increases sublinearly due to the onset of gain
reduction. The slope remains fairly constant for the 40 mW
Psat case. The slope is negative for the 30 mW case due to
excessive hole burning that reduces the relaxation
oscillation amplitude con-siderably across the total power
output region of interest.
The LWL-W increased linearly for all structures as the
total power output increased. As expected, due to large
adiabatic chirp, the 20 mW Psat structure showed the largest
LWL-W.
The peak or center wavelength shift versus the steady
state value yielded interesting results in this analysis as
shown in figure 15. The peak wavelength shift was
increasingly negative (blue shift) as the gain saturation
worsened. As shown earlier, this is due to spectral hole
burning via intra-band gain saturation. However, the peak
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wavelength shifts to longer wavelengths (red shift) with low
modulation currents of 2Ib to 4Ib. For high saturation
power structures, at low modulation currents using a 5 Gbit
current pulse, the optical response consists solely of the
initial relaxation oscillation. The optical power output
resides in the region of the large carrier density swing due
to the relaxation oscillation. Crossing from the time to
frequ~ncy domain implies that the peak wavelength shift is
blue referenced to the the steady state value.
As the modulation current increases slightly, the more
familiar underdamped optical pUlse response is generated as
in figure 1. The resultant peak optical power in the
wavelength regime is transferred due to a sUbsequent carrier
density oscillation to a longer or more red wavelength yet
still blue compared to the the steady state value. Further
increase of the modulation current then introduces the
nonlinear gain reduction effects that accounts for the
increasing blue shift of the peak wavelength (adiabatic
chirp).
Characteristics of the fine structure of the modeled
wavelength spectrum also should be noted. Many device
structures exhibited asymetrical cusps or peak regions on
both sides of the peak wavelength. By observing the delta
wavelength and carrier density versus time plots it was
apparent that these are due to regions of short temporal
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duration where the carrier density varies slowly. Therefore
minor peaks are formed in the optical intensity versus
optical wavelength domain. The minor peak on the short
wavelength side corresponds to the carrier density swing
through the initial relaxation oscillation. The peak(s) on
the long wavelength side are the result of subsequent
carrier population relaxation and/or the carrier level shift
upon the "ON" to "OFF" transition.
From a systems perspective, a device structure with low
total spectral width u~der modulation is desirable. A
smaller total spectral width was realized as the saturation
power was decreased, providing that the structure was not
operated unde~ excessive gain saturation. This is due to
the suppression of the "transient" chirp. The modulation
frequency also impacts the total spectral width (TSW).
Subsequent relaxation oscillations may be suppressed with
increas~ng modulation frequency which alters the optical
pulse shape dramatically. The wavelength chirp charac-
teristics are then shifted as shown in figures 8 and 9.
Gain reduction can be accomplished by decreasing the
photon lifetime within the cavity by reducing the
differential quantum efficiency, ~out, or reducing the
optical mode cross-sectional area am as seen in the
expression for Psat (22).
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Extinction Ratio (ER)
The modeled results for the super-gaussian large scale
modulation current. yield interesting results for ER. Figure
12 shows the ER versus frequency for the sample device
modeled with differing saturation powers. The modulation
current was 10Ib and the risetime was O.lTb. Note the
extremely poor ER for. the device with the lowest saturation
power of 20 mW. In Figure 5, observe the long fall time of
the Psat= 20 mW structure. In fact, the optical tail
extends into the next two bit slots. The fall time appears
to be independent of modulation frequency. Therefore as the
modulation frequency increases, the portion of optical power
in the adjacent bit slot increases due to the fall time tail
extension. This observation accounts for the· fairly linear
dependence of ER versus modulation frequency as shown in
.
Figure 12.
When th~ modulation current risetime is increased to
0.2Tb, as shown in Figure 13, the ER improves for all
saturation power cases. The ER decreased 10 , from 0.25 to
0.225 for Psat= 20 mW. Note the nonlinearity of ER versus
frequency for frequencies less than 3 Ghz.
Under large scale modulation of 10Ib, the high ER is
unacceptable for the 20 mW saturation power structure. The
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system penalty would be too severe since an ER of 0.25
allows only 6 dB of margin.
The maximum operating device output power was evaluated
for the 20, .40 and 60 mW Psat devices at 5 Gbits in order to
maintain a minimum of 0.025 or 16 dB ER. The peak
modulation current was ramped between 3Ib and 15Ib and the
rise time was preserved at O.2Tb. The time averaged optical
power i~ the "ON" bit, PON, was found by summing the
discrete optical power values in the "ON" bit slot of
duration Tb and dividing by the number of summed power
points. It was found that if PON < Psat/4 then the 0.02 ER
could be maintained at 5 Gbits for all Psat values slightly
above 20 mW. This quantifies a limit for the maximum
optical power to be realized from a DFB semiconductor laser
for high speed systems applications, by taking into account
only the effects of spectral hole burning due to intra-band
gain saturation. Also, since the optical fall time appears
independent of the modulation frequency under intra-band
gain saturation, as the frequency increases above 5 Ghz, the
ER will worsen using the Psat/4 ratio.
Increasing intra-band gain saturation through a .
lowering of Psat limits the maximum optical power of DFB
laser structures under large scale modulation insofar as
maintaining a low ER for the high speed communications
system. Psat can be increased by lessening the spectral
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•hole burning effects through increased differential quantum
efficiency n~ut, and increasing the modal cross-sectional
area am from (22). This contradicts the desired increase in
intra-band gain saturation prescribed to decrease the SWL
chirping. By using a conventional square wave modulation
current with finite rise and fall times in (31), the maximum
power of the laser at a particular Psat is fundamentally
limited to a significant level below the saturation power
for system use.
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v. optimization or Laser optical output Response using
Modulation current shaping
The super-gaussian square wave format for the laser
modulation current can be improved upon in order to realize
an optimum optical pulse with minimization of total
wavelength chirp and ER when the device is operated below
the structure saturation power, Psat.
Referring to (41), the transient portion of the
frequency chirp is governed by the rate of photon density
change. If thedP/dt can.be suppressed, a corresponding
decrease in the short wavelength chirping can be realized.
This can be accomplished by suppressing the amplitude of the
initial relaxation oscillation during turn-on. Through
proper modula~ion current pulse shaping, it can be be shown
that the transient chirp can be nearly eliminated, resulting
in a nearly gaussian optical pulse shape under large scale
modulation current.
The concept of current pulse shaping to minimize laser
dynamic spectral width was reported by Olshansky and Fye
[12]. Their approach neglected the effects of qain
saturation and hence is applicable to laser operation well
below the onset of intra-band gain saturation due to
spectral hole-burning. The modeling technique used in [12]
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also assumed a fixed superposition of an initial current
impulse with the main current pUlse.
The approach taken in this study was to strive for a
minimization of carrier density fluctuation in order to
assure the reduction of transient chirping due to relaxation
oscillations upon turn-on. The previously defined photon
and carrier density rate equations (23),(24) were satisfied
in their entirety using the nonlinear form of gain in (20).
No predetermined attributes of the modulation current were
assigned. Through multiple iterations of the rate
equations, the necessary modulation current was calculated
at each temporal increment in order to satisfy boundary
conditions for the carrier density.
The modeling for the modulation current pUlse shaping
was performed in the following manner. First, the device
characteristics were chosen, including modulation bit rate,
and pulse rise and fall times. A reference response was
calculated using the Runge-Kutta method detailed earlier in
order to acquire initial power, carrier and wavelength
chirping data using the super-gaussian form of the
modulation current. A target carrier density was then
selected. This value was chosen with a desired peak optical
power output in mind.
The allowable variation in carrier density was then
selected. Typically the maximum deviation of 0.05% was
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chosen. since the drive current was varied to obtain the·
target carrier density, a step size was chosen on the basis
of the allowable deviation in carrier density. Usually a
step size of 0.1 milliamperes was selected.
Further constraints were also placed on the current. A
maximum value was selected for dI/dt in order not to exceed
a realistic value for each portion of the solution.
The intent of the modeling was three-fold. First, vary
the carrier density as rapidly as possible from the pre-bias
value to the desired carrier density at optical turn-on.
Secondly, keep the carrier density constant until such time
that the optical pUlse duration will be consistent with the
allowable bit period, taking into account the allowable
rise/fall times of the modulation current. Lastly, decrease
the carrier density until the pre-bias state is obtained
once again. The 'trick' in the technique is to suppress the
initial relaxation oscillation in order to minimize the
transient chirp. The DC chirp value which is dominated by
the carrier density transition from ON to OFF state will
always be present and the extent varied only by the target
carrier density.
Initially, the current was shaped as a super-gaussian
using the selected rise/fall time. The rate equations were
repeatedly solved as a function of increasing current pulse
amplitude until the target carrier density was achieved to
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within the selected deviation. At this point , the initial
relaxation oscillation as manifested through the carrier
density, has been acquired for the "device structure. The
drive current is then resumed from where this initial
impUlse meets the bias current minimum (pre-bias) as
mandated by the maximum dI/dt. From this temporal point and
beyond, the modulation current I, is iterated using the
value of current from the previous temporal point as the
starting value. The current value could be iterated
positively, negatively or even remain the same as the
carrier density requirements for the partiCUlar desired
solution were being satisfied.
The rate equations are continually updating the carrier
and photon densities through the previously described Runge-
Kutta technique using the newly defined modulation current
waveform. This process is continued until the carrier
density has been at the ON level for the necessary time
duration to satisfy the bit timing requirements. After the
bit timing is satisfied, the newly constructed modUlation
current is allowed to return to the pre-bias level within
the dI/dt constraints.
Figure 16a is a comparison of the super-gaussian
(NORMAL) versus the shaped modulation current impUlse in the
large signal regime. The optical power output plots are
shown. " The device structure was modeled using a Psat of 60
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mW. The normal pUlse shape was contructed at 5 Gbit with 40
pS rise/fall times. The target carrier density was selected
as 1.79 X 1018 cm-3 for the following reason. In order to
make a fair comparison between the response of the laser
structure to the normal and shaped current waveforms, the
resultant total optical power should be equivalent.
Referring to the P(Power) versus time plot for the shaped
current case, note the nearly gaussian shape of the
resultant power output pulse. The initial relaxation
oscillation has been entirely dampened compared to the
normal optical output power response. The carrier density
versus time plots are shown in figure 17. Notice that the
shaped carrier density shows little deviation from the
desired clamping point of 1.79 X 1018 em3 in figure 17a.
Figures 18 and 19 compare the normal and shaped
modulation current with respect to wavelength chirp and
actual drive current waveform. The derived current for the
shaped response , figure 19a, exhibits a minor pre-pulse ,
followed by the large amplitude significant duration major
pulse. The pre-pulse is the current versus time required to
excite the relaxation oscillation to the desired carrier
density level. The major current pulse then follows after a
duration approximately equal to the inverse of the
relaxation oscillation frequency. From the expression for
the relaxation oscillation frequency (39), in this case at a
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modulation current of 10Ib, the approximately. 12 Ghz
relaxation frequency results in an 85 pS time lapse between
the pre-pulse and the major pulse. The pre-pulse then
produces and sustains the initial relaxation oscillation
until the main current component is required to maintain the
carrier density at its desired value.
Figure 18a shows a large reduction in total wavelength
chirp for this device structure. In fact, compared to the
super-gaussian modulation current waveform, the short
wavelength width has been reduced by a factor of 45 from 9.4
to 0.2 A. The long wavelength width has increased by 40%
from 7.2 to 10.4 A. The LWL shoulder is reduced by 3 dB
however, from -13 to -16 dB from the peak wavelength
amplitude for the shaped case. The increased adiabatic
chirp for the shaped current results from the larger delta n
encountered from pulse ON to OFF state due to the clamping
of the carrier density at a higher level than that obtained
at turn-off using the super-gaussian modulation current
(figure 17a). The peak wavelength has also shifted 3 A more
blue for the shaped response ( 1549.26 compared to 1549.54 )
from the steady-state value of 1550 nm which is indicative
of the larger carrier density swing at turn-off.
The TSW has decreased significantly for the shaped
case, by 36 %, from 16.6 to 10.6 A. The reduction of TSW at
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·-10 dB from the peak wavelength amplitude is a factor of 10
from 2 to' 0.2 A for the shaped case •
. Figure 20b shows modeled data for the device structure
with a Psat of 60 mW and 5 Gbit modulation rate, comparing
total spectral width due to chirping as a function of total
optical power for the normal and. shaped current impulses.
The pulse rise/fall times were chosen as 0.2Tb for the
normal case. Significant reduction of chirp can be realized
across a broad range of optical output power, even through
the onset of intra-band gain saturation as shown in the
figure. From figure 20a, it is evident that the ER has
decreased by a factor of 2 from the·super-gaussian to shaped
current impulses. The ER and total wavelength chirp in
figure 20a and 20b were plotted as a function of time
averaged power in the ON bit slot in order to make a
reasonable comparison between the methods to account for the
onset of gain saturation effects.
current pUlse shaping can be very beneficial in
optimizing DFB laser performance under large scale
modulation in an Ultra-high speed communications system.
The large reduction in ER allows for increased receiver
dYnamic range. The significant decrease in wavelength chirp
will lessen the fiber dispersion effects on the launched
optical pulse, possibly allowing for increas~d repeater
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spacing compared to a conventional square wave type of .
current modulation.
Tailoring of the current pulse could be accomplished
through mi~ing of the pre-pulse with the phase shifted major
pulse in order to arrive at a waveform approximating the
theoretically derived impulse. A microwave driver circuit
with a resonance at the laser relaxation frequency could
possibly be adapted to yield the desired waveform. One
large drawback to a shaped current impulse is the need to
customize the waveform for optimum response, i.e. proper
amplitude of pre-pulse and temporal phase shift between the
pre and major pulses. These attributes of the modulation
current are dependent upon the device saturation power and
relaxation oscillation frequency which may differ broadly
across a population of processed Qevices from a single
wafer. For example, in DFB structures as discussed in this
paper, the differential quantum efficiency of the output
facet of interest, nout, and total efficiency may differ by
more than 20% at a constant KL due to the random phase
shifts encountered by the intra-cavity propagating waves
from the last complete grating corrugation to the respective
front or rear facet [5].
In order to optimize dYnamic performance with respect
to minimization of wavelength chirp, the design of the
current modulator circuit should be robust enough to provide
4S
"tuning" to compensate.for varying· degrees of gain
reduction and relaxation oscillation frequencies.
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VI. Onset of Gain saturation: Experimenta1 Resu1ts
,
The time averaged optical spectrum and time domain
pulse responses were studied for 1.55 ~m BH DFB laser diodes
with asymmetric facet reflectivities in order to verify
modeled gain saturation due to spectral hole-burning
effects. Spatial hole burning effects were inevitable for
these devices due to the HR-AR facet coatings. spatial hole
burning effects however have the same effect as spectral
hole burning on device performance; i.e•• increased gain
saturation. The linewidth enhancement factor a, was assumed
to be similar between the devices.
The onset of gain saturation was observed through
features of the wavelength chirping and optical response in
the time domain. The modulation rate was chosen as 5 Gbits.
The test set up is shown in figure 21. The devices were
tested in chip form. The pre-bias current was supplied to
the device at the calculated threshold current from a
previous L-I -V scan. The test temperature was 20 degrees c.
The modulation current was a 50% duty cycle square wave from
a high power pulse generator. The frequency source for the
generator was provided by an external clock. The rise and
fall times of the modulation current could also be varied by
the amplitude of the clock signal.
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The devices were tested at two modulation currents
which were 40 mA and 96 mA, tha~ are typical of normal (3Ib)
and large (7Ib) scale. modulation given the threshold current
(Ib) of 14 InA for the two devices shown. The 96 mA was the
largest value obtainable with the pulse generator. The
modulation current waveform at 40 mA is shown in figure 22.
Note that the risetime at 5 Gbit was 44 pS and the fall time
was 38 pS.
The optical output of the laser under test was coupled
to a micro-lensed single mode fib~r and then through an
optical isolator to the measurement apparatus. The output
could be connected to an ultra-high speed photodetector with
a 3 dB optical bandwidth of 20 Ghz which was then terminated
to a high speed sampling oscilloscope. The coupled light
output could also be routed to an·optical spectrum analyzer
(OSA) for the time averaged spectrum measurement. The OSA
used in this stUdy had a resolution bandwidth of 0.7 A at
1550 ron.
Figure 23 shows the optical pulse and time averaged
spectral responses for two devices under test (OUT) at 5
Gbit using the "normal" scale modUlation current of 40 mAe
OUT 1 has an estimated Psat of 15 mW versus a Psat of 25 mW
for OUT °2 at 20 deg C. The calculated SWL-W is 0.73 ron for
OUT 1 with the lower saturation power, compared to 0.79 for
OUT 2. The smaller transient chirp for OUT 1 is due to the
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smaller relaxation oscillation power amplitude above. the
supsequent oscillation that also results in a reduction of
dP/dt for OUT 1 as shown in (41). The dP/dt for the
initial relaxation oscillation, using the photodetector
responsivity in volts from the oscilloscope display (figure
23) is 0.8 mV/pS for DUT 1 and 1.1 mV/ps for OUT 2.
Note the cusp or minor peak on the SWL side of the
optical spectra for both devices. This agrees quite well
with the modeled time averaged spectrum results. As shown
in the modeling section, this local maximum corresponds to
the peak excursion of the carrier density during the initial
relaxation oscillation. Since the carrier density is
varying slowly with time in this region of largest delta n
from the average carrier density state, the time averaged
power amplitUde in the frequency (wavelength) domain will be
larger hence reSUlting in a minor peak in the spectral
response.
The spectral resolving capabilities of the OSA due to
stray' light levels may assist in giving the appearance of a
finite slope from the minor peak to the background or low-
level spectra response of the device which is due to Fabry-
Perot and spontaneous emission effects.
The adiabatic chirp (LWL-W) is larger for DUT 1 ( 0.45
versus 0.34 nm ) indicative of a larger carrier density
swing from the ON to OFF state at 40 mA modulation current
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for this laser. This is consistent with the. modeling
results.
Figure 24 shows the time reso~ved optical and time
averaged spectral results for DOT 1 and 2 using the large
scale modulation current of 96 mA at 5 Gbit. Both devices
exhibit· significant dampening of the inital relaxation
oscillation upon turn on compared to the next oscillation.
Note the second oscillation in the optical responses which
is due to asubsequertt carrier oscillation which is not
heavily dampened for both structures. Therefore, even DUT 1
with lower saturation power is not in excessive gain
saturation using 96 IDA modulation current at 5 Gbit. From
the DC (Direct current) L-I-V curves, DUT 1 and DUT 2 were
operating at 70% and 50% of the maximum light rollover
power. However, the initial relaxation oscillation of DUT 2
is less suppressed than that of DUT 1, due to lower gain
saturation for DUT 2, which is evident by the larger dP/dt
of the initial oscillation and larger overshoot of the
oscillation.
As a result of the under damped responses, minor peaks
on both the SWL and LWL sides of the peak wavelength
spectrum are observed, which is consistent with the
theoretical results shown earlier. The minor peaks have
maximum amplitudes that are proportional to the deviation of
the optical response from an average optical power value
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Pavg in the ON state. This follows from the dn/dt to dS/dt
proportionality assuming gain saturation effects are
comparable yet not identical for the devices evaluated here.
OUT 2, which has a 60%'higher Psat value than OUT 1,
exhibits asymmetric peaks in the optical spectra data, where
the amplitude of the SWL peak is 7 dB less than the LWL
peak. The SWL-W is 1.03 nm which is also significantly
wider than the value of 0.72 nm for device 1.
OUT 2 has shown a 30 % increase in SWL-W from 0.79 to
1.03 nm as the modulation current increased. This is
consistent with modeling data shown in figure 14 which shows
the SWL-W as a function of time averaged power. For a
device with relatively high Psat, (OUT 1), the SWL-W
increases sublinearly with increasing modulation current as
long as the output power is below the saturation level.
OUT 1 on the other hand, exhibits the same SWL-W with
increasing modulation current. This is indicative of a
device with lower Psat from figure 14 « 30 mW). The offset
in Psat values from the modeling to experimental case may be
due to modeling parameters, including an optimum output
power level of 100 mW which may be too high than the actual
value for OUT 1 and OUT 2. Secondly, the determination of
Psat was based on DC versus pulsed L-I-V measurements which
could give lower values due to thermal effects. Thirdly,
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spatial hole burning effec~s will sum with the spectral hole
burning gain reduction effect.
The time resolved optical response is indicative of the
carrier transitions and consequently can be evaluated to
shed light on the frequency domain response. The initial
relaxation oscillation traverses farther from the Pavg point
in the ON state and varies more quickly at the peak
excursion of the initial relaxation oscillation than at the
basin below the Pavg point before the next oscillation
begins. As a reSUlt, the convolution would yield asymmetric
peaks in the wavelength domain, with the SWL minor peak
amplitude less than the LWL minor peak. This reflects the
measured optical spectrum for the device.
In figure 24, the optical response of DUT 1 exhibits a
more heavily dampened initial relaxation oscillation
compared to OUT 2 due to increased gain saturation. Observe
that the. initial relaxation deviates 8 mV from the Pavg
value of the waveform which is nearly equivalent to the
extent of the basin belo~ Pavg before the subsequent
oscillation. As a result, the frequency domain exhibits
symmetry between the spacing of the SWL and LWL minor peaks
which have nearly equivalent amplitUdes.
Both devices exhibited fall times of nearly 90 pS at 5
Gbits with 40 mA modulation current which would result in
poor ER of 0.05. Under large scale modulation current of 96
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mA, the fall times increased to over 100 pS for both devices
with an estimated ER of, 0.15 for both devices.
The adiabatic chirp' increased by 35 % from 0.45 to 0.62
nm for the lower Psat DUT 1 upon the transition from 40 to
96 mA modulation current. DUT 2 showed a similar increase
from 0.39 to 0.55 nm.
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VII. CODc1usioD
Lightwave system parameters including ER and wavelength
chirping were modeled for a DFB semiconductor laser using
the phase, photon and carrier density rate equations. The
convolution of the optical power response with the index of
refraction variation in the active region related to the
linear carrier density change yielded the time averaged
wavelength response. The large scale modulation current
regime was explored in detail at ultra-high bit rates
exceeding 5 Gbits using the derived nonlinear gain
expression that includes spectral hole burning effects.
The ER for a device could be improved upon under large
scale modulation by increasing the differential quantum
efficiency, ftout, and the modal cross-sectional area, um•
However, transient wavelength chirp increases with larger
saturation power, Psat. This increased linewidth can result
in unwanted fiber dispersion effects in a high speed com-
munications system. Consequently, a compromise must be used
to balance the net effect of the two terms using con-
ventional modulation techniques.
optimization of the optical pulse response was achieved
at 5 Gbit through shaping of the modulation current impuls~.
By clamping the carrier density at a pre-determined level,
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the initial relaxation oscillation was completely
suppressed. Therefore the transient portion of the
wavelength chirp was eliminated. The adiabatic or long
wavelength portion of the chirp increased slightly due to a
higher carrier density at pulse turn-off compared to
modeling using the super-gaussian current" impulse.
Through pulse shaping, the ER and total wavelength
spectral width decreased by 60% and 36%, under large scale
modulation for a typical device structure with a saturation
power of 60 mW. Most impressive was the factor of 10
reduction in spectral linewidth from 2 to 0.2 A at the -10
dB level from the peak spectral amplitude. It appears
possible to construct such a pulse shaping circuit that
would supply the minor pre-pulse current required to excite
the initial relaxation oscillation, before the large
injected current is necessary is to sustain the optical
output. Such a circuit could optimize the laser optical
performance in a high speed communications system.
The optical pulse response and time averaged optical
spectra were measured for devices at 5 Gbits at normal and
large scale modulation c~rrent levels to observe the onset
of gain saturation due to spectral hole burning. Spatial
hole burning effects were not taken into account. However
the net result is lower optical gain for the fundamental
mode with increased modulation current. Increased adiabatic
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chirp was observed for the devices as the modulation current
increased. The device with lower Psat exhibited the same
SWL-W under normal and large scale modulation which is
consistent with a device with a Psat between 30 to 40 mW
from the modeling data of figure 14. The device with larger
Psat showed a 30 % increase in SWL-W from 0.79 to 1.03 nm
from normal to large scale modulation current. This agrees
with the over'40 mW Psat data from figure 14 which shows a
sublinear increase of SWL-W with increased optical power
output.
Lastly, the laser dynamic modeling developed herein
could be enhanced to portray DFB devices more realistically.
Axial variations of the optical mode intensity and
specifically spatial hole burning can cause perturbations in
the effective DFB grating in the structure causing shifting
of the peak wavelength within a modulation cycle. The
transfer of large optical. gain to other supported waveguide
modes may also occur. Leakage currents and carrier
diffusion could also be accounted for in the modeling.
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